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Experimental island biogeography demonstrates the 
importance of island size and dispersal for the adaptation to 
novel habitats










































Major taxa studied:	Two‐spotted	spider	mite	(Tetranychus urticae).
Methods:	Using	experimental	evolution,	we	studied	the	effects	of	island	size	and	isolation	
on	colonization,	extinction	and	adaptation	of	the	two‐spotted	spider	mite	to	new	islands.	







Main conclusions:	Evolutionary	 rescue	via	dispersal	 is	possible	only	when	popula‐
tions	are	 sufficiently	 large;	 small	populations	cannot	adapt,	because	 they	 lack	 the	
genetic	variation	necessary	for	local	adaptation.	Hence,	in	addition	to	the	effects	of	
island	size	and	dispersal	on	the	ecological	processes	of	colonization	and	extinction,	
our	 results	 show	 that	 island	 size	 and	 dispersal	 can	 jointly	 affect	 the	 evolutionary	
process	of	adaptation	to	novel	habitats.
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which	 affect	 rates	 of	 extinction	 and	 colonization.	 Smaller	 habitats	
(or	analogously,	habitats	of	lower	quality	or	that	are	more	disturbed)	











islands	 often	 experience	 different	 environmental	 characteristics	
from	the	mainland.	Although	its	potential	importance	has	been	ac‐
knowledged	 in	 the	 seminal	monograph	 by	MacArthur	 and	Wilson	
(1967),	 this	 process	 has	 not	 been	 incorporated	 into	 the	 IBT.	A	 re‐
duction	of	 island	 size	 and	 an	 increase	 in	 isolation	 (hence	 a	 reduc‐
tion	of	immigration	rates)	not	only	affects	population	extinction	and	
colonization	 but	 can	 also,	 via	 the	 loss	 or	 absence	 of	 demographic	
and	 evolutionary	 rescue,	 impact	 the	 capacity	 of	 populations	 to	






to	new	conditions	by	extending	population	age	and	 thus	 the	 time	
needed	to	adapt.	Evolutionary	rescue	is	a	direct	consequence	of	the	
integration	of	new	genes	and	a	reduction	of	inbreeding.
Several	 studies	 have	 provided	 important	 insights	 into	 the	 in‐
dependent	 roles	 of	 dispersal	 (Alzate	 et	 al.,	 2017;	 Bolnick	&	Nosil,	
2007;	Ching	et	 al.,	 2012;	Cuevas	et	 al.,	 2003)	 and	population	 size	
(Lachapelle	 et	 al.,	 2015)	 on	 adaptation.	 Evolutionary	 outcomes	 of	
adaptation	 are	 more	 robust	 and	 repeatable	 in	 larger	 populations	
than	in	small	ones,	which	has	been	suggested	to	be	attributable	to	
the	stronger	effect	of	history	and	stochasticity	on	small	populations	










island	 biogeography.	 Although	 experimental	 island	 biogeography	
has	already	been	performed	using	natural	and	experimental	islands	





An	 ideal	 species	with	which	 to	 test	 the	 joint	 roles	of	dispersal	
and	island	size	experimentally	in	the	context	of	island	biogeography	
is	 the	 two‐spotted	 spider	mite	 (Tetranychus urticae).	 This	 is	 a	 gen‐
eralist	 herbivore	 with	 short	 generation	 times,	 and	 small	 enough	
for	 long‐term	and	 replicable	 experiments.	 It	 has	been	a	model	or‐
ganism	 in	which	to	study	adaptation	 (Agrawal,	2000;	Alzate	et	al.,	




Here,	 we	 simulated	 a	 mainland–island	 system	 experimentally,	 in	
which	 the	mainland	 is	 composed	of	 bean	 plants	 and	 the	 island	of	
tomato	plants,	to	test	for	the	effect	of	island	size	and	dispersal	(iso‐
lation)	on	adaptation	of	the	two‐spotted	spider	mite	to	a	new	host	









Tetranychidae)	 is	 a	 cosmopolitan	 generalist	 herbivore	 that	 feeds	
on	 a	 variety	 of	 plant	 species	 and	 families	 (Bolland,	 Gutierrez,	
&	 Flechtmann,	 1998;	 Gotoh,	 Bruin,	 Sabelis,	 &	 Menken,	 1993).	
Tetranychus urticae	attains	a	small	body	size	(female	size	ca. 0.4 mm 
in	length),	has	a	high	fecundity	(1–12	eggs/day)	and	a	short	genera‐
tion	time	(11–28	days),	which	makes	it	an	ideal	model	for	experimen‐
tal	evolution	 studies	 (Agrawal,	2000;	Alzate	et	 al.,	2017;	Bonte	et	
al.,	2010;	Egas	&	Sabelis,	2001;	Fry,	1990;	Gould,	1979;	Kant	et	al.,	
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from	the	vineland	region	 in	Ontario,	Canada	 (Grbić	et	al.,	2011),	 is	
adapted	 to	 bean	 plants	 (Phaseolus vulgaris	 variety	 ‘prelude’),	 on	
which	it	has	been	reared	for	>	200	generations.
The	 experimental	 populations	 were	 initiated	 on	 islands	 com‐
posed	 of	 3‐week‐old	 tomato	 plants	 (Solanum lycopersicum	 variety	
‘money	maker’).	All	populations	started	with	 three	 individual	adult	
females	 from	 the	 mainland	 population.	 The	 islands	 varied	 in	 the	
number	 of	 plants	 (island	 size)	 and	 the	number	 of	 immigrants	 they	
received	 (bi)weekly	 from	the	mainland	population	 (dispersal	 level).	
We	used	 three	 island	 sizes	 (islands	 composed	of	one,	 two	or	 four	
tomato	plants)	 and	 three	dispersal	 levels	 (.5,	1	and	2	adult	 female	
mites/week)	 (Supporting	Information	Figure	S1).	Each	dispersal–is‐
















2015).	 Using	 the	 information	 on	 extinction	 events,	 we	 calculated	
the	 life	 span	of	 the	populations	on	 islands.	Several	population	 life	
spans	can	be	recorded	per	island	if,	on	a	single	island,	there	are	sev‐
eral	extinction	and	colonization	events.	Given	that	population	size	





























2.3.1 | Effect of dispersal and island size on 
colonization, population life span, abundance and 











spans	 that	were	 truncated	 because	 of	 the	 end	 of	 the	 experiment	
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For	 testing	 the	effect	of	 island	 size	and	dispersal	on	 the	num‐
ber	of	extinction	events,	we	used	generalized	linear	models	with	a	
Poisson	error	distribution.	Both	island	size	and	dispersal	were	con‐
sidered	as	 fixed	factors.	Our	 final	model	contained	 island	size	and	
dispersal	(but	not	their	interaction).
2.3.2 | Effect of dispersal and island size on female 
fecundity (after common garden)
The	 effect	 of	 dispersal	 and	 island	 size	 on	 adaptation	was	 tested	
using	linear	mixed	models,	with	a	Gaussian	error	distribution.	The	
full	model	included	three	fixed	factors	[generation	(two	levels:	gen‐





analyses	 for	 generations	 11	 and	 20	were	 performed	 using	 linear	
mixed	 models,	 also	 with	 a	 Gaussian	 error	 distribution.	 Dispersal	
and	 island	size	were	 included	as	factorial	 fixed	effects,	and	repli‐
cate	(island)	and	population	age	were	included	as	random	effects.	
A	post	hoc	test	was	performed	to	test	for	differences	between	the	
least	 squares	means	of	 treatments	using	 the	 function	difflsmeans 
from	the	package	lmerTest	(Kuznetsova,	Brockhoff,	&	Christensen,	
2016).	 Degrees	 of	 freedom	were	 calculated	with	 Satterthwaite’s	
approximation.
Model	 selection	 for	 all	 statistical	 models	 was	 carried	 out	 by	
removing	 non‐significant	 effects	 in	 a	 stepwise	 manner	 (based	 on	





3.1 | Effect of dispersal and island size on 









Both	 island	 size	 and	 dispersal	 affected	 population	 life	 span	
(Figure	2;	χ2	=	53.17,	d.f.	=	3.7,	p	<	.0001).	Populations	had	a	longer	
life	 span	on	 larger	 islands	 [hazard	 ratio	 (HR)	=	 .69,	z	=	−3.79,	SE = 
.09,	p	<	.0001)]	and	on	islands	receiving	more	immigrants	(HR	=	.24,	
z	 =	 −4.96,	SE	 =	 .28,	p	<	.0001).	 Eighty	 per	 cent	 of	 populations	 on	
small	islands	with	low	dispersal	attained	life	spans	of	a	maximum	of	
two	generations,	whereas	all	populations	on	 large	 islands	with	the	
highest	 level	of	dispersal	had	the	maximum	achievable	 life	span	 in	
our	experiment	(16	generations).
Island	 size	 had	 a	 positive	 effect	 on	 population	 sizes	 (number	
of	adult	 females)	on	 the	experimental	plants	after	both	11	and	16	










F I G U R E  1   Island	colonization	time	decreases	with	island	size	
and	dispersal.	The	fitted	lines	were	estimated	from	the	generalized	
linear	model	with	Poisson	error	distribution
F I G U R E  2  Life	span	of	population	on	island	is	positively	
affected	by	island	size	and	dispersal




dispersal	 significantly	 reduced	 the	 extinction	 probability	 from	 on	
average	5.56	extinctions	with	low	dispersal	to	.40	extinctions	with	
high	 dispersal	 during	 the	 time	 the	 experiment	 lasted	 (estimate	 =	
−1.76,	SE	=	.38,	z	=	−4.63,	p	<	.0001).
3.2 | Effect of island size and dispersal on 
adaptation to tomato





persal	 on	 female	 fecundity	 was	 positive	 only	 for	 populations	 on	















In	 the	present	 study,	we	 showed	how	experimental	 evolution	 can	
shed	 light	 on	 the	 evolutionary	 aspects	 of	 IBT,	 because	 it	 allows	
chance/drift	 to	 be	 separated	 from	determinism.	Although	 IBT	 has	
mostly	been	restricted	to	understanding	patterns	of	species	richness	
on	islands	as	a	result	of	colonization–extinction	processes	(affected	










F I G U R E  3  Effect	of	population	age	and	island	size	on	population	size	after	11	(a)	and	16	(b)	generations	of	the	evolutionary	experiment
F I G U R E  4  The	number	of	extinction	events	decreases	with	an	
increase	of	dispersal	and	island	size
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have	on	average	 four	extinction	events	when	dispersal	 is	 low	and	
almost	zero	extinction	events	when	dispersal	is	high.	Dispersal	thus	
reduces	the	chances	of	extinction	by	providing	a	rescue	effect.	This	
TA B L E  1  The	effect	of	island	size	and	dispersal	on	adaptation
Effect Estimate SE t p
All	generations	combined Intercept −6.40 4.98 −1.28 .202
Medium	island −3.84 6.13 −.63 .533
Small	island 8.36 8.46 .99 .325
1	mite/week .21 6.80 .03 .976
2	mites/week −7.68 6.85 −1.12 .265
Generation 20 .96 .30 3.21 .002
Medium	island	*	1	mite/week −2.75 4.13 −.67 .513
Small	island	*	1	mite/week 10.10 5.63 1.79 .080
Medium	island	*	2	mites/week .59 4.23 .14 .891
Small	island	*	2	mites/week 3.06 5.99 .51 .611
Medium	island	*	Generation	20 .06 .37 .16 .874
Small island * Generation 20 −1.31 .53 −2.47 .015
Generation	20	*	1	mite/week .25 .40 .63 .530
Generation 20 * 2 mites/week .97 .42 2.30 .023
Generation	11 Intercept 5.25 2.11 6.76 .015
Medium	island −5.25 3.22 −1.63 .108
Small island −8.50 4.22 −2.02 .048
1	mite/week .50 3.33 .15 .881
2	mites/week 1.42 3.22 .44 .661
Medium	island	*	1	mite/week 1.50 4.51 .33 .741
Small	island	*	1	mite/week 11.42 6.50 1.76 .083
Medium	island	*	2	mites/week 2.92 4.55 .64 .524
Small	island	*	2	mites/week 10.50 6.44 1.63 .108
Generation	20 Intercept 11.8 2.33 6.11 <.0001
Medium	island −.23 4.42 −.05 .958
Small island −14.23 6.38 −2.23 .032
1	mite/week 7.32 3.64 2.01 .052
2 mites/week 13.77 4.42 3.11 .003
Medium	island	*	1	mite/week −10.32 6.71 −1.54 .132
Small	island	*	1	mite/week 8.18 9.15 .89 .378
Medium	island	*	2	mites/week −.52 7.16 −.07 .943







model	 included	two	fixed	factors	 (island	size	and	dispersal)	and	two	random	factors	 (replicate	and	population	age).	Bold	values	 indicate	significant 
effects	at	the	level	of	.05.















extinction.	 Thus,	 for	 successful	 colonization	 to	 occur,	 populations	
on	 large	 islands	do	not	require	a	 large	number	of	dispersal	events.	






















experimental	 studies	 (Alzate	 et	 al.,	 2017;	 Bolnick	 &	 Nosil,	 2007;	
Cuevas	et	al.,	2003).	Such	negative	relationships	might	be	attributable	






tinction	 by	 replenishing	 population	 density	 and	 increasing	 genetic	
variation	(Lenormand,	2012).	Such	positive	effects	may	be	especially	







8  |     ALZATE ET AL.
important	 for	populations	 living	 in	marginal	habitats	or	at	 the	edge	
of	 the	 species	 range	 (Brown	 &	 Kondric‐Brown,	 1977;	 MacArthur	
&	Wilson,	1967),	because	dispersal	may	allow	 these	populations	 to	
persist	 long	 enough	 to	make	 evolutionary	 change	 possible	 (Holt	 &	
Gomulkiewicz,	1997;	Kawecki,	1995).	However,	so	far	there	has	been	
very	little	empirical	evidence	for	the	positive	effects	of	dispersal	on	
adaptation.	 A	 notable	 exception	 can	 be	 found	 for	 bacteriophages	
(Ching	et	al.,	2012),	 for	which	 intermediate	 levels	of	dispersal	were	






















adaptation	and	 island	species	 richness	 (via	 immigration	 for	 less	 iso‐
lated	islands	or	via	speciation	for	isolated	islands).
Given	 the	 current	 global	 situation	 of	 habitat	 fragmentation	
and	loss,	where	many	populations	are	becoming	smaller	and	more	
isolated	 (Fahrig,	 1997;	 Wiegand,	 Revilla,	 &	 Moloney,	 2005),	 an	
understanding	 of	 the	 effects	 of	 habitat	 size	 and	 isolation	 on	 the	
eco‐evolutionary	dynamics,	colonization	success	and	extinction	of	









Blackburn,	 &	 Evans‐Freke,	 1998;	 Lawton,	 1999).	 They	 present	
a	more	 tractable	way	 to	 study	 complex	biological	 systems,	while	
keeping	a	focus	on	the	factors	of	interest	and	allowing	for	repeat‐
ability	 (Lawton,	 1996,	 1999).	 Therefore,	 this	 type	 of	 experimen‐
tal	biogeography	can	provide	 important	 insights	 into	 the	ways	 in	
which	populations	can	respond	to	fragmentation	and	habitat	 loss	
at	an	ecological	and	evolutionary	level.	As	such,	our	study	provides	
a	key	step	 in	 incorporating	microevolutionary	processes	 into	 IBT.	
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